Two glasses of the compositions 2 BaO -TiO 2 -2.75 GeO 2 and 2 BaO -TiO 2 -3.67 GeO 2 (also known as BTG55) are annealed at temperatures from 680 to 970 °C to induce surface crystallization. The resulting samples are analyzed by X-ray diffraction (XRD) and scanning electron microscopy (SEM) including electron backscatter diffraction (EBSD). Ge-Fresnoite (Ba 2 TiGe 2 O 8 , BTG) is observed at the immediate surface of all samples and oriented nucleation is proven in both compositions. After a very fast kinetic selection, the crystal growth of BTG into the bulk occurs via highly oriented dendrites where the c-axes are oriented perpendicular to the surface. The growth of this oriented layer is finally blocked by dendritc BTG originating from bulk nucleation. The secondary phases BaTiGe 3 O 9 (benitoite) and BaGe 4 O 9 are also identified near the surface by XRD and localized by EBSD which additionally indicates orientation preferences for these phases. This behaviour is in contrast with previous reports from the Ba 2 TiSi 2 O 8 as well as the Sr 2 TiSi 2 O 8 systems. 1, 4 . These twins may disappear due to heating 3, 4 or the application of a uniaxial external stress 3 . In a polycrystalline sample with statistical orientation, the tetragonal phase may be frozen and also occur at room temperature
Fresnoite in its original form has the composition Ba 2 TiSi 2 O 8 (BTS). Barium may be partially or completely substituted by Sr to form Sr 2 TiSi 2 O 8 (STS) while Si may partially or completely be replaced by Ge to form Ba 2 TiGe 2 O 8 (BTG) or a solid solution. Incommensurate modulations occur in all three compositions 1 . A solid solution between BTG and BTS has also been reported for the entire composition range 2 . While BTS and STS show a tetragonal symmetry, BTG is only tetragonal at high temperatures and shows a displacive phase transition from the tetragonal to the orthorhombic phase 1 at about 850 °C 3, 4 . Temperatures of 810, 830 or 870 °C were reported for the phase transition based on differential thermal analysis (DTA) 3 , birefringence measurements 2,5 and X-ray diffraction 5 . Stresses from this transformation are found in single crystals 6 and crystallographic twins parallel to the (110) or (1-10) planes observed in BTG have been related to it 1, 4 . These twins may disappear due to heating 3, 4 or the application of a uniaxial external stress 3 . In a polycrystalline sample with statistical orientation, the tetragonal phase may be frozen and also occur at room temperature 1 . An additional low temperature phase transition was proposed 3 and a polar-to-polar phase transition was confirmed at − 50 °C (cooling) and 0 °C (heating) in a detailed analysis 4 . As these crystals are not ferroelectric and thus cannot be poled, the polar BTG crystals must be aligned during crystal growth if piezoelectric properties are required. Apart from growing single crystals in the Czochralski process, glass-ceramic materials containing oriented BTG crystals have been produced via the surface crystallization of glasses [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Highly oriented glass-ceramics containing e.g. BTS and STS have also been produced using the method of electrochemically induced nucleation (EiN) [25] [26] [27] [28] [29] . Furthermore, BTG has been crystallized in glasses by laser irradiation 30, 31 or drawn into fibers and subsequently crystallized 22 . Usually, glass compositions with a certain excess of GeO 2 were chosen to avoid spontaneous crystallization during cooling as well as homogeneous bulk nucleation. In order to suppress bulk nucleation 7 and to increase the degree of crystal orientation 7 , the surface crystallization experiments have been modified using a temperature gradient [7] [8] [9] [10] [11] [12] or an ultrasonic treatment of the surface 13 . However, other experiments showed that oriented crystallization at the surface also occurs without these experimental efforts [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Applying a strong magnetic field of 10 T during growth has been described to enhance the degree of crystal orientation if applied parallel to the main growth direction and decrease it if the field is applied perpendicular to it 18 . However, the crystal layers contributing to these measurements are only 5-8 μ m thick and it is noteworthy that the thickest layer was observed in the sample annealed without a magnetic field 18 . This would allow the conclusion that any magnetic field may reduce the crystal growth rate, especially when applied perpendicular to the growth direction.
The glass forming range in the BaO-TiO 2 -GeO 2 system has been studied 32 and the crystallization behavior of a number of glasses was investigated within that vitrification range 23 . It was observed that DTA-measurements in this system are accompanied by a loss of GeO 2 2 . At least the 22 glass compositions presented in Table 1 have been used to crystallize BTG. While the compositions 1, 10, 12 and 17 were modified by adding SiO 2 , NiO, Fe 2 O 3 , V 2 O 5 , Sb 2 O 3 or metallic Cu, all other compositions only vary in the concentrations of the basic components BaO, TiO 2 and GeO 2 . Selected properties of these glasses and the resulting glass ceramics are also stated.
An effect of the glass melting temperature on the optical properties of a glass in this system has been reported 33, 34 . It was shown that Ti 3+ is generated in the melt due to the reducing conditions at high melting temperatures 34 which is in agreement with the well-known observation that redox equilibria are shifted to the reduced state during heating 35 . Hence, the Ti 3+ /Ti 4+ ratio should increase if the glass is melted at higher temperatures. The presence of Ti 3+ leads to a decrease in viscosity and network connectivity and gives rise to a dark blue to violet coloration. This has already been shown for the case of fresnoite melts in the BTS system 25 where increasing the concentrations of Ti 3+ led to higher nucleation rates and hence promoted crystallization 25, 36 . This effect has also been quantified in ref. 36 . The effect is utilized for the EiN referred to above. Additionally, Pt-droplets were observed in the remelted glass which functioned as nucleation sites during crystallization 33 . The corrosion of Pt was also observed during EiN in the BTS-system where it was concluded that Si 4+ is reduced to elemental Si which in turn forms a liquid Pt-Si-alloy in the melt. As there are multiple Pt-Ge-alloys 37 with melting temperatures below 1000 °C, a comparable mechanism may be expected in the GeO 2 containing glasses considering the reducing conditions at high temperatures.
Crystallized BTG glass-ceramics range from transparent 13, [15] [16] [17] [18] [19] [20] [21] [22] 24 to opaque 13, 16 as an effect of the composition and the crystallization parameters as e.g. also observed in STS containing glass-ceramics 38, 39 . Polarization micrographs of cross sections have been published 24 and indicate a strong optical anisotropy. Large second-order optical non-linearities have been found in these materials [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and attributed to a preferential orientation of TiO 5 pyramidal units 13, 22 . The BTG layer after surface crystallization has been shown to function as a planar optical wave guide 17 . A dramatic increase of the second harmonic intensity in glass-ceramics grown from the composition 2 BaO -TiO 2 750 °C, probably due to the bulk crystallization triggered by the formation of BaTiGe 3 O 9 16 . It has been stated that orthorhombic BTG shows a larger optical non-linearity than tetragonal BTG 21 . While only BTG was detected after crystallizing a stoichiometric melt 17 , phases of the compositions BaTiGe 3 O 9 (benitoite) and BaGe 4 O 9 have been reported at the immediate surface after crystallizing glasses containing additional GeO 2 14,16,17 . Benitoite was no longer observed in the XRD patterns after removing ca. 2 μ m from the sample's surface via grinding 14 but it was proposed that it plays a significant role in the nucleation of BTG 16, 20, 23 . Based on Raman spectroscopic measurements 16 , it was reported that BTG forms around the initially crystallized benitoite. Other articles suggested that BTG can crystallize without the assistance of the BaTiGe 3 O 9 phase 19 . Specific annealing regimes enabled to solely crystallize oriented benitoite from the 2 BaO -TiO 2 -3.67 GeO 2 glass at 690 °C 20, 21 but BTG is subsequently formed if the annealing time is increased 21 . It was additionally concluded that both tetragonal and orthorhombic BTG occur in this multilayered structure based on XRD-measurements 21 which is interesting considering that the applied crystallization temperature is below the 830 or 850 °C where BTG shows its high temperature phase transition [1] [2] [3] . XRD-patterns of the surface crystallized layers showed a non-statistical orientation distribution indicating a 001 texture 7, 9, 13, 14, [16] [17] [18] [19] [20] [21] [22] 24 which increased in intensity after 5 μ m or more of the surface were removed 9, 19, 21, 24 . Including a nucleation step into the annealing regime was reported to reduce the degree of orientation 9 . Samples annealed at only 695 and 700 °C have been proposed to show XRD-patterns similar to the powder pattern 16 and it was concluded that the crystalline phase is not oriented at the surface 16, 17, 24 . 001 textures have also been indicated by XRD in BTS 40, 41 and STS 38 glass-ceramics, but the application of EBSD showed that the topmost layer shows a different orientation in the case of BTS 40 which is affected by the annealing temperature 41 . Actually, the analysis of surface crystallized STS from the composition STS+ 0.45 SiO 2 provided the first case where the texture detected at the immediate surface also prevailed during growth 39 while a texture change is observed more often 32, 40, 42, 43 . Hence the assumption of a randomly oriented nucleation in BTG 24 must be questioned. A mechanism for the formation of BTG in the 2 BaO -TiO 2 -3.67 GeO 2 glass has been proposed 16 . It was suggested that the presence of differently coordinated Ti 4+ ions (5 fold instead of 4 or 6) may be related to the crystallization mechanism and that benitoite appears first 16 . Piezoelectric measurements have shown that the positive end of the poles points towards the growth direction 10 . d 33 14, 15 . The d 33 -values increase if the topmost layer of crystals is removed and are hence linked to the degree of crystal orientation in the glass-ceramic 19 . The values obtained using the Marker Fringe technique dramatically exceed the d 33 -value of 10 × 10 −12 m/V stated for BTG single crystals 7,9 using a d 33 -meter. Due to the properties outlined above, fresnoite based glass ceramics have been proposed for applications as hydrophones 11 , piezoelectric components or active photonic glass fibers 22 . The application of electron backscatter diffraction (EBSD) to the surface crystallization of glass-ceramics containing BTS 40, 41 and STS 38, 39, 42 has significantly altered the understanding of occurring crystal orientations and textures in these systems. For example, the observation of oriented nucleation in these glass-ceramics [38] [39] [40] [41] [42] , also observed e.g. during the crystallization of a BaO·Al 2 O 3 ·B 2 O 3 glass 43 , challenges the basic assumption of oriented nucleation in the classic nucleation theory for glasses. It must not be confused with the oriented growth of crystals in glasses which has been known for many years.
However, EBSD has not yet been applied to BTG. A short introduction concerning the method and its application to fresnoit glass-ceramics is found in ref. 40 . In this article, we apply EBSD to two glasses: glass 1 is of the composition 2BaO · TiO 2 · 2.75GeO 2 were 0.75 mol% of additional GeO 2 are added to the stoichiometric BTG composition to enable the direct comparison to previous analysis featuring BTS 40, 41 and STS 38, 42 glass-ceramics. This composition is relevant because its BTS-equivalent has been used to grow piezoelectric, macroscopic single crystals with a cross section of more than 1 cm 2 and 10 cm long 28 . Glass 2 of the composition 2 BaO -TiO 2 -3.67 GeO 2 , has been intensively studied for its optical non-linearity (see Table 1 ) and a dual layered surface crystallization has been described in this system 22 .
Results and Discussion
Glass 1: the composition 2BaO -TiO 2 -2.75 GeO 2 . The obtained glass was slightly yellow and transparent. As the extinction coefficients of Ti 3+ are very high and a violet coloration is not observed, it is unlikely that there is enough Ti 3+ in the glass to show a measurable effect on the nucleation and crystallization behavior. The DTA profiles measured from a compact and a powdered sample of the current glass are presented in Fig. 1 . The glass transition temperature T g was determined to be 673 and 674 °C while exothermic peaks, the crystallization peak T x, occurred at 770 and 796 °C respectively. Figure 2 compares the T g and T x values of the glass in this article with those stated in the literature concerning the other glass compositions from Table 1 only modified in their GeO 2 concentration. The composition containing a small amount of Cu is included because the effect of Cu on the T g is deemed minimal. While T g remains relatively constant, T x(powder) increases with the increasing GeO 2 concentration. In contrast T x(bulk) seems to have a maximum somewhere between adding 0.75 and 1.66 mol% of GeO 2 .
The phases benitoite (BaTiGe 3 O 9 ) and BaGe 4 O 9 are expected to only form locally and close to the surface of the BTG glass-ceramics which poses an ambiguity problem for building the material files necessary for EBSD analysis. To improve the reliability of these material files, powders of both phases were produced via solid-state reactions. Material files were then built and optimized using the EBSD-patterns obtained from the respective powder and the Inorganic Crystal Structure Database (ICSD) files 36185 and 83734.
ICSD-file 36185 features hexagonal benitoite of the composition BaTiSi 3 O 9 , i.e. the Si-equivalent of Ge-benitoite expected in the glass-ceramics produced here. Using this data is judged to be acceptable because the indexing procedure of EBSD mainly focuses on the crystallography of the phase and none of the databases accessible to us (ICSD, AMCSD, COD) currently contain an entry with the Wycoff-positions of Ge-benitoite which are, however, necessary for building a material file in the given software. As a rule of thumb, a pattern may be considered reliably indexed in the TSL software if the primary orientation solution receives at least 30 votes, a fit of less than 1° and a Confidence Index (CI) value larger than 0.100.
The material file of hexagonal benitoite performed very well for single patterns as well as in a scan of the embedded benitoite powder. In the case of trigonal BaGe 4 O 9 , the material file also showed very good results but a confidence index of 0.000 for almost all detected orientations due to pseudo symmetries where the first and second orientation solutions receive the same number of votes. This problem also occurred during the analysis of surface crystallizing BaAl 2 B 2 O 7 glass-ceramics 43 . A material file based on ICSD file No. 15674 (BaGe 4 O 9 but with space group 143 instead of 150) led to practically identical results. Thus the CI fails as a reliability indicator in its usual form in the case of the material files built for BaGe 4 O 9 . If, however, an orientation solution receives enough votes and a sufficient fit factor in combination with a CI of exactly 0.000, this may be considered as a correct orientation but with an ambiguity of a 180° rotation around the [0001] direction.
The real problem for the analysis of benitoite and BaGe 4 O 9 is that the achieved material files may be used to index the EBSD-patterns of both phases, making a phase separation based on EBSD alone unreliable. This type of problem may be solved by either fine tuning the material files based on characteristic kikuchi bands, e.g. for the separation of cubic and hexagonal ZnS 44 , or by chemistry assisted indexing (ChI) which combines EBSD with energy dispersive X-ray spectroscopy (EDS) to enable a chemistry based phase attribution to a data point, e.g. used to separate the cubic phases YAG and yttrium stabilized zirconia 45 . The first approach has been unsuccessful so far and ChI is unsuitable for the given problem because both phases contain Ba and the only suitable separator of the phases would be via the Ti content. Reliably separating Ba and Ti in the given SEM, however, is only possible using the enhanced resolution of wavelength dispersive X-ray spectroscopy (WDS) instead of EDS, and WDS cannot be performed with the tilted SEM-stage necessary for EBSD.
Two entries concerning the low temperature phase of BTG can be found in the ICSD data base: file no. 39133 (a = 12.310 Å, b = 12.292 Å, c = 5.366 Å) and file no. 281271 (a = 12.301 Å, b = 12.284 Å, c = 10.737 Å). While the a and b axes almost have the same values in both files, the c-axis in file 281271 is basically twice as long as in file 39133 because it was doubled in order to describe a modulated structure at room temperature 6 . The main challenge for the EBSD analysis of BTG, however, should be the minimal difference between the a and b axes of only ~0.017 Å, i.e. ~0.14%. Some work concerning a similar problem with cubic zirconia compared to tetragonal zirconia, which has only a slight tetragonal distortion, has been presented by Martin et al. 46 . The EBSD-patterns presented in Fig. 3 were indexed using parameters comparable to those applied during EBSD-scans later on to test the applicability of the material files, selected indexing parameters are stated in Table 2 . The patterns 1 and 2 were obtained directly from the crystallized surface of a BTG glass-ceramic while the patterns 3 and 4 were obtained from a polished cross section. The patterns 5 and 6 originate from the benitoite powder while the patterns 7 and 8 originate from the BaGe 4 O 9 powder.
The patterns 1-4 are clearly indexed as BTG using a material file based on the ICSD file 39133. Despite the minimal difference between the a-and b-axes in the material file, the indexing parameters indicate a very reliable orientation solution and a clear separation between BTG and benitoite/BaGe 4 O 9 is achieved. Additionally, the position of the 001-pole is constant for the first two orientation solutions for these patterns. Hence even if the CI-value drops below 0.1 there is still a good chance that the orientation of the c-axis is correct.
Apart from some fit values slightly larger than 1°, the patterns 5-8 receive reliable indexing parameters for both benitoite and BaGe 4 O 9 . These fit values can easily be decreased by choosing a smaller interplanar angle tolerance (IAT) than the 3° used here which, however, proved to be less useful during the EBSD-scans. The CI-values of the BaGe 4 O 9 file are always 0.000 due to the pseudo symmetry problem outlined above, making the CI-value useless as a phase differentiating factor in this case. The patterns 6 and 8 receive exactly the same number of votes from both material files and pattern 5 receives almost the same fit factor. Activating the band width ratio matching function did not lead to a satisfactory phase separation either.
These results show that the orientation measurements are satisfactory and BTG may be reliably separated from benitoite/BaGe 4 O 9 . The latter two phases may not be separated reliably at this point and hence only the material file of benitoite is used for further measurements as it does not suffer from the pseudo symmetry problem of the BaGe 4 O 9 file. The three phase system in the glass-ceramic is thus reduced to the two phase system of BTG and benitoite/BaGe 4 O 9 for further analysis.
As it turned out in the subsequent measurements, the grain CI-standardization clean-up procedure, which only changes CI-values but no crystal orientations, provided sufficient datasets for analysis while still using a CI-filter to remove unreliable data points originating e.g. from the residual glass.
Polished samples of the glass 1 were annealed at temperatures from 690 to 970 °C in order to achieve comparability with the surface crystallization research performed on glass-ceramics containing BTG [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] as well as BTS 40, 41 and STS 32, 39 . Considering the phase transition of BTG at around 850 °C 34 (810-870 °C 2,3,5 ), the question arises if there are any significant differences in the crystallization of BTG grown at temperatures below 810 °C or above 870 °C. In both cases, nucleation should occur in the orthorhombic modification. XRD-measurements were performed on the direct surfaces of compact samples and the resulting patterns in Fig. 4 show an exaggeration of the (00n) peaks of BTG which is in agreement with the literature [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] 24 and indicates an 001 texture of surface crystallized BTG within the information depth of XRD. Additional peaks not attributable to BTG occur in all patterns, the peak at ~31° may be attributed to benitoite while the peaks at ~24°, ~30° and ~38° are attributable to BaGe 4 O 9 . While these weak peaks are not a clear proof that these phases, also described for other BTG containing glass ceramics 14, 16, 17 , occur in these samples, their presence in small amounts seems very probable. SEM-micrographs obtained from the surfaces of samples annealed at the stated temperatures are presented in Fig. 5 . The small crystal sizes of less than 1 μ m indicate a very high nucleation rate at the surface of this glass. While single EBSD-patterns reliably indexable as BTG could be acquired locally from all these surfaces, only the sample annealed at 970 °C provided EBSD-patterns from a representative surface coverage to enable texture analysis. A scan of 247150 data points was performed with a step size of 200 nm on this surface where 71% of the data points received a CI> 0.1 after applying the grain CI-standardization. Of these reliably indexed data points, 82.4% were attributed to BTG and 17.6% to benitoite/BaGe 4 O 9 which cannot be reliably separated at this time as outlined above. Hence a complete layer of benitoite comparable to that proposed to occur at the surface of the glass BTG55 crystallized at 690 °C 20 is impossible in this sample. The 29% of data points excluded from the analysis can be attributed to an insufficient pattern quality due to grain boundaries or residual glass. The {001} and {0001} PFs of textures calculated from the BTG and benitoite data sets in this surface scan are superimposed on the micrograph and the distribution of the Euler Angle Φ for BTG in the scan is presented. Φ describes the tilt of the c-axis of BTG in this system and a value of 90° indicates a c-axis oriented perpendicular to the sample surface. The ring in the {001} PF was reproduced in 5 of 5 scans performed on two separately prepared samples while a weak, central dot only occurred in 3 of the 5 scans. However, a small peak at 90° is observed in the Φ -distribution. Hence the 001 texture indicated by this central probability maximum is very weak compared to the texture indicated by the ring. Due to the very limited information depth of EBSD, which is still a matter of debate 47 , the ring in the PF of BTG and the peaks at Φ = 55, 125 and 90° indicate that the topmost crystals of BTG already show a non statistical orientation distribution in the form of two textures: one with the c-axes preferably tilted by 35 ± 10° from the surface normal and the other with the c-axes parallel to the surface normal. A similar ring is observed in the {0001} PF based on the data attributed to benitoite/BaGe 4 O 9 . As both phases occur according to the XRD-measurements in Fig. 4 but could not be separated in the EBSD-dataset, it is impossible to state whether this texture originates from benitoite, BaGe 4 O 9 or both at this point.
A similar ring texture indicating a c-axis tilt of 58° at the surface was detected in the BTS equivalent of the current glass composition after crystallization at temperatures from 790 to 970 °C 40, 41 while the c-axis was perpendicular to the surface in the STS equivalent at 970 °C 38 . Although the (101)-plane of the BTS unit cell is perpendicular to the surface if the c-axis is tilted by 58°, this is not the case for the BTG unit cell, independent of whether a c-axis value of 5.366 Å or 10.737 Å is assumed. Hence the [101] direction is not the rotation axis of the orientation preferred during the nucleation of BTG.
The common texture observed in Fig. 5 raises the question whether there is a crystallographic relationship between BTG and benitoite/BaGe 4 O 9 . Figure 6 shows the combined phase+ image quality (IQ)-map of an EBSD-scan performed on the same surface where the textures were measured. The frames 1-4 highlight areas where the 001-poles of BTG are positioned very close to the 0001-poles of the patterns indexed as benitoite. While these poles share a similar position in the respective PFs, this observation is not valid for most of the grains and a true epitaxial relationship is not detected. Due to the outlined indexing problem a statement whether this relationship occurs in benitoite, BaGe 4 O 9 or both cannot be made at this point. Due to the small grain size and the topography of the surface a validation of the phases using WDS is deemed unreliable. Larger crystals of the non-BTG phases could help solve this problem in the future. Cross sections of these samples were prepared in order to analyze the crystal growth into the bulk. Figure 7a ) shows the cross section of an opaque sample annealed for 10 h at 790 °C. Large pores systematically occur where crystal growth fronts collided, i.e. between the oriented layers growing from the sides as well as between them and the bulk crystallization. Additionally, some far ranging cracks are observed in Fig. 7b ). Due to the position and shape of the cracks and pores it seems plausible that they relax stresses caused by the density increase during crystallization. A cross section SEM-micrograph of the surface crystallized layer in a sample annealed at 750 °C for 10 h is featured in Fig. 8 . The micrograph is superimposed by the combined inverse pole figure + IQ maps (IPF+ IQ-maps) of EBSD-scans performed at the edge to the former surface (top) and at the interface to the bulk crystallization. The latter is illustrated by the dotted line, not plane parallel to the surface and pores frequently occur here as already illustrated by Fig. 7 . Please note that the crystallization front is plane-parallel to the surface in samples with a thin layer of crystals, both in this glass composition and in others presented in the literature 13, 14, [16] [17] [18] 22, 24 . {001} and {100} PFs of textures calculated from the BTG-dataset of both crystallization zones are presented. An area of growth selection similar to that observed within the first ~10 μ m of growth in the BTS-glass of the same molar composition 40 was not detected in any sample. Some growth structures at a certain distance from the surface show diameters of more than 5 μ m, i.e. they are much larger than the crystals observed at the immediate surface, see Fig. 5 . Even cross sections of samples with a crystal layer of only 10 μ m showed a strong 001 texture, allowing the conclusion that the kinetic selection from the texture at the surface to the 001 texture during growth into the bulk happens extremely fast in this system, probably due to the very high nucleation rate. In the STS system, the speed of the kinetic selection during growth into the bulk notably increased if the nucleation rate was increased via surface modifications 42 . Although the texture of the bulk crystallization indicates that the c-axes of the entire area are almost perpendicular to the surface crystallization, the degree of orientation is significantly reduced. Additionally, the {100} PF from the surface crystallized layer indicates a random rotation of the crystals around the c-axes while the {100} PF from the bulk does not. A scan performed on 430 × 700 μ m 2 of the bulk crystallization in a sample annealed at 790 °C for 10 h showed multiple orientations over larger areas, i.e. bulk nucleation occurs in this system but with a low nucleation rate. Only 1.1% of the reliably indexed data points in the surface near scan are attributed to benitoite/BaGe 4 O 9 . The non-BTG areas basically occur parallel to the BTG growth structures, are less than 1 μ m thick but frequently reach several μ m in length. Assuming they are composed of benitoite the c-axes would be generally oriented parallel to the c-axes of the neighbouring BTG but with a lower degree of orientation and without an epitaxial relationship. Some data points attributed to benitoite/BaGe 4 O 9 are observed more than 100 μ m below the surface but they do not occur at all in scans covering the boundary between surface and bulk crystallization. Hence it appears that benitoite/BaGe 4 O 9 crystallizes in minimal amounts during the initial growth of the oriented surface layer whenever the local stoichiometry is suitable.
Due to the minimal amounts of benitoite/BaGe 4 O 9 observed below the surface, the following measurements only feature results concerning BTG. To confirm the observed bulk nucleation and gain further insight into the microstructure of BTG in the oriented layer, part of the sample featured in Fig. 8 was cut parallel to the initial surface. Figure 9 presents this cut plane, outlined in the figure, approximately 50 μ m below the initial surface, at the interface between the oriented crystalline layers resulting from surface nucleation from two sides which are perpendicular to each other. The {001} PFs of textures calculated from the top and bottom parts of the scan show that the BTG-crystals in both areas are oriented perpendicular to each other and show the extreme degree of c-axis alignment also observed in the surface layer featured in Fig. 8 . While the contrast in the SEM-micrograph is very low, the IPF+ IQ-map of the performed EBSD-scan shows that the BTG growth structures appear as lines when viewed from the side but as stars when viewed parallel to their growth direction. As the EBSD-scan was performed with a step size of 200 nm, the thermal footprints of the scan step overlap which can lead to increased temperatures in the scan area and even cause EBSD-pattern degradation 48 . In the case of this scan, a significant increase of the topography contrast was observed after the scan, probably because some of the residual glass at the surface was evaporated. Thus details of the growth structure morphologies could be visualized by tilting the scanned surface. SEM-micrographs of the growth structures in the scanned area are presented in Fig. 10 where the framed areas are presented in greater detail below the overview images. The BTG-crystals cut parallel to their c-axes clearly show dendritic morphologies. The dark areas between the BTG-crystals cut perpendicular to their c-axes did not provide any EBSD-patterns and show the location of the residual glass. It may be concluded that the oriented layer of surface crystallization is composed of aligned BTG dendrites which are almost limited to their primary core and show few secondary or ternary structures due to the limited space available for growth. Figure 11 presents an SEM-micrograph of the area where the growth front from the initial surface collides with a growth front originating from the side of the sample. The IPF+ IQ-map of an EBSD-scan performed on a similar area is also presented. The steps observed at the interface show that these fronts simply block each other upon collision and the growth velocity is neither accelerated nor depressed. This is in contrast to the growth front interaction in the STS-equivalent of the studied BTG glass where the growth velocity is increased by the growth front interaction 32 . The method of EBSD-pattern degradation was applied to polished and unpolished surfaces using the same conditions stated in ref. 48 . In contrast to comparable measurements performed on BTS 48 and STS 32 using a step size of 10 nm, clear problems already occurred during the measurements on these BTG glass-ceramics using a step size of 100 nm under the same experimental conditions. However, the microstructure of these glass-ceramics basically makes it impossible to perform these measurements on an area completely composed of crystalline material. Hence, it cannot be clearly deduced whether the BTG crystal is much more sensitive to the electron radiation, it has the lowest melting point of the three phases, or whether the sensitivity is caused by the remaining glassy matrix. A statement concerning a glass skin covering the crystals is hence also not possible.
These results are observed in all samples annealed at temperatures in the range from 750 to 970 °C for 10 to 20 h. Obvious differences between the crystallization below and above the phase transition temperature of BTG were not observed except for a decrease of the nucleation rate and the fact that higher annealing temperatures tend to enable a better EBSD-pattern acquisition from the untreated surface. Perhaps the long annealing times at high temperatures allow some of the twinning probably present in the system 3, 4 to dissipate. Both a larger crystal size and a lower number of twins would enhance the ability to achieve EBSD-patterns. In samples annealed at 690 °C, the crystal layers were ca. 4 μ m thick after 3 h and less than 20 μ m thick after 10 h while bulk nucleation was not yet detected. Due to the preparation problems concerning the top 10 μ m of crystallization and the sensitivity of these materials towards the electron beam, a detailed analysis of these thin crystal layers could not be achieved at this point. The EBSD-measurements that were possible indicate a 001 texture of BTG in these layers which is in agreement with the XRD-result of Fig. 4 and the literature. Glass 2: the composition 2 BaO -TiO 2 -3.67 GeO 2 . The prepared glass was transparent and showed the same yellow coloration already observed in glass 1. A Differential scanning calorimetry (DSC)-measurement of the glass showed the glass transition temperature T g to be 674 °C and the onset of crystallization occurred at ca. 757°C. Samples were annealed at temperatures from 680 to 970 °C for times from 0.5-12 h and in a two-step process at 690 °C for 3 h with another 3 h at 720 °C in analogy to ref. 21 .
The XRD-patterns presented in Fig. 12 obtained from some of these samples show that the pure layer of BaTiGe 3 O 9 (benitoite) observed in ref. 21 could not be achieved, even by reducing the annealing time to only 1 h and lowering the annealing temperature to 680 °C. Instead, the pattern obtained from the sample annealed at 680 °C only shows peaks attributable to BTG while the patterns of the samples annealed at 690 °C for 1 and 3 h respectively additionally indicate benitoite and BaGe 4 O 9 . Annealing for only 0.5 h at 690 °C did not provide any indication of crystallization in the XRD patterns and a subsequent analysis of the sample surface using SEM/ EBSD also failed to produce any indication of crystallization. Figure 13 shows the surface microstructures of glass 2 samples annealed using the stated regimes. Both individual crystals and uncrystallised glass are observed after 1 h at 680 °C and the corresponding XRD-pattern in 12 already indicates a 001 texture via the exaggerated (00n) peaks although a significant growth selection cannot have occurred in this sample. EBSD-measurements could not be performed on this surface because the crystals failed to provide EBSD-patterns of sufficient quality. All other surfaces are fully covered by crystals slightly larger than those featured in Fig. 5 , show a clear topography and contain at least two phases which is in agreement with the XRD-results presented in Fig. 12 . WDS-measurements were attempted but the up to 1 μ m large crystals are still too small for a reliable phase localization given the high current necessary for the analysis.
EBSD-patterns reliably indexable as either BTG or benitoite/BaGe 4 O 9 were obtained from all surfaces. Despite the strong topography, EBSD-scans were performed so that {001} and {0001} textures could be calculated. Relevant information concerning the datasets used for these calculations are stated in Table 3 . While two of the scans are based on an unrepresentative percentage of the scan data (7.2% and 22.4%), the number of reliable data points is sufficient for texture calculations except for the PF of BTG in the sample annealed at 690 °C for 3 h. The texture data of the sample annealed at 970 °C for 10 h is, however, based on 75.8% of the scan data and hence deemed representative. As all orientations occur in these scans, the possibility of an orientation specific EBSD-pattern acquisition may be excluded, allowing the conclusion that the low indexing rate is mainly due to the topography and the small crystal size. Increasing annealing temperatures led to an increased percentage of BTG in the data sets from only 3.3% after crystallizing at 690 °C for 3 h to 34.2% after crystallizing at 970 °C for 10 h.
In analogy to glass 1, annealing at higher temperatures increases the indexing rate significantly as well as the detected amount of BTG at the immediate surface. While the double texture observed in glass 1 occurs in almost all calculated textures, the phases in the sample annealed at 970 °C for 10 h show an additional orientation preference for crystals with their c-axes oriented parallel to the surface. This preference is also observed in the texture of BTG obtained from the sample crystallized via the two step process. As with glass 1, it is impossible to state whether these textures originate from benitoite, BaGe 4 O 9 or both at this point. The Euler angle distributions presented below show that the c-axes of BTG are now predominantly tilted by 29° from the surface normal in contrast to the 35° observed for glass 1 in Fig. 5 . Again, the textures of BTG and benitoite/BaGe 4 O 9 are basically the same.
Cross sections of various samples were prepared and analysed. Figure 14a presents the SEM-micrograph of a cross section of a sample annealed at 690 °C for 12 h while Fig. 14b presents equivalent data for a sample annealed at 970 °C for 10 h. In both cases, the top layer of crystallization appears homogeneous but heterogeneous growth structures are observed in the bulk after a) ca. 30 μ m and b) ca. 100 μ m. The superimposed phase+ IQ-maps of performed EBSD-scans show that only minimal amounts of benitoite/BaGe 4 O 9 are detected by EBSD in the top layer while the bulk structures are composed of BTG as well as benitoite/BaGe 4 O 9 . Texture information of more representative scans covering a) 300 × 300 μ m 2 and b) 260 × 100 μ m 2 are presented to show that the top layer of mainly BTG is highly oriented with the c-axis perpendicular to the surface while no clear texture is observed in the bulk for either phase. Sample preparation is very challenging in these samples because the crystals are much finer than those observed in glass 1. Instead of the systematic pores at the growth front observed in Fig. 7 these samples contain irregularly spaced pores throughout the bulk. These results indicate that glass 2 shows a bulk nucleation much closer to the surface than glass 1, making glass 1 more suited for achieving thick layers of 001-oriented BTG.
The results presented above indicate that BTG and secondary phases such as benitoite and BaGe 4 O 9 occur at the surface of almost all samples. Only crystallizing glass 2 at 680 °C for 1 h provided a one phase system of BTG according to the XRD-pattern, which is not very well suited to exclude the existence of a phase, instead of the benitoite detected in ref. 21 using a comparable annealing regime. A confirmation by EBSD was not possible in this case due to insufficient EBSD-pattern quality. Additionally, the XRD-measurement of this sample showed enhanced (00n) peaks while the SEM-micrograph of its surface showed an incompletely crystallized surface, basically excluding growth selection as an orientation mechanism. Hence the 001 texture indicated by XRD in this sample may also be seen as confirmation of the oriented nucleation of BTG.
A complete layer of either phase at the surface is impossible in all other samples as EBSD-patterns reliably indexable as BTG were obtained from the surface of every annealed sample which is in agreement with ref. 18 . Table 3 . Selected information of the EBSD-datasets used to calculate the textures presented in Fig. 13 .
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The fact that both BTG and benitoite have formed first in glasses which should have the same composition indicates that e.g. the production process or varying impurities in the raw materials may significantly affect the order of nucleation in this system. While the two-step growth model outlined in ref.
21 cannot be valid for the experiments presented above, a predominant occurrence of benitoite/BaGe 4 O 9 at 690 °C was observed by both groups, e.g. only 3.3% of the data points of the corresponding EBSD-scan in Fig. 13 are attributed to BTG. Increasing the annealing temperature leads to an enhanced detection of BTG at the immediate surface, i.e. 34.2% after crystallizing at 970 °C for 10 h. It must be noted, however, that the crystal size may have an effect on the EBSD-pattern formation. If for example the BTG crystals are in the sub-μ m range while the crystals indexed as benitoite are in the μ m-range, this would imply a lower surface fraction of BTG than actually occurs. Due to the high nucleation rate, the high fraction of BTG in samples crystallized at 970 °C in both glasses and the sole occurrence of BTG in glass 2 at 680 °C, it seems acceptable to assume that BTG nucleated independently from the other phases in these experiments. This means that oriented nucleation is indicated for BTG as well as for at least one of the secondary phases. As oriented nucleation was also observed after the crystallization of two glasses in the STS system 32, 39 and over a wide temperature range of BTS surface crystallization in a comparable glass composition 41 , the assumption of a randomly oriented nucleation in ref. 24 and more generally in the classic nucleation theory for glasses must be questioned.
A temperature dependent texture formation similar to that observed in the BTS system 41 is indicated in glass 2 which proved to be more suited for EBSD-analysis of the surface. In contrast, the bulk crystallization of glass 2 proved to be very challenging for EBSD-analysis. The triple texture indicated in Fig. 13 as well as the simultaneous oriented nucleation of multiple phases described for both glasses have never been described in the literature concerning glass-ceramics.
In both glasses, nucleation is followed by a very rapid growth selection so that ca. 10 μ m below the surface only BTG-crystals with their c-axes perpendicular to the surface prevail while the secondary phases practically disappear. Hence the idea that the degree of orientation is affected by the surface roughness observed after crystallization 9 may be discredited. Instead the higher intensity detected 100 μ m below the surface simply results from the fact that the topmost layer, which shows a different texture, was removed. This orientation selection was also described in ref.
19 via XRD-measurements performed after a stepwise removal of the topmost layer. As outlined above, it is basically impossible that benitoite and/or BaGe 4 O 9 play a role similar to that outlined in ref. 21 in the glasses analyzed here. The failure to achieve an adequate polish near the surface similar to that achieved for the analysis of BTS 40 is probably due to a combination of very small crystal sizes near the surface and high stresses in these samples. The inhomogeneities in the crystal layer described in ref. 17 are very probably a result of these stresses which may cause local fractures during polishing.
The cracks and large number of pores observed in the BTG glass-ceramics, especially at the interface between surface and bulk crystallization in glass 1, increase the difficulty of achieving a high quality surface treatment. The pores at the growth front are very similar to the holes observed during the crystallization of glass fibers with the composition BTG55 22 where bulk crystallization was not observed, probably because the fibers were only 100-200 μ m in diameter. In the glass 1 analyzed here, the oriented layer of growth is frequently more than 500 μ m thick, but this thickness probably depends on the glass composition and the temperature/time regime of the crystallization procedure. By contrast, the oriented layer of BTG in glass 2 only reached thicknesses of 30-100 μ m in dependence of the annealing temperature.
Due to the basically perfect c-axes orientation observed in the crystallized surface layer featured in the Figs 8 and 9 and 14, it is difficult to imagine how the application of a magnetic field should have a significantly enhancing effect on the degree of orientation after growth selection is complete. As the measurements in ref. 18 were performed on very thin crystal layers less than 10 μ m thick, the observed results could indicate that a magnetic field might enhance the velocity of growth selection assuming the results observed here are transferable to other glass compositions in this system.
The uneven growth fronts observed in a number of articles and discussed in the context of nucleation sites 17 may alternatively be explained by the dendritic growth mechanism observed in the current glass composition. By contrast, the even growth fronts also observed after BTG crystallization in some other glass compositions 13, 14, 16, 18, 22 raise the question whether growth in that system occurs via very extremely fine dendrites or rather similar to the growth of STS observed in ref. 39 where dendritic morphologies could not be discerned.
In summary the growth of BTG in both glasses featured here is quite similar to the growth of BTS but widely in contrast to STS in their respective versions of the glass1 composition. The novel observation of a multi-phase oriented nucleation including a triple texture further cement the fact that assuming statistically oriented nucleation in theoretical models concerning crystal nucleation in glasses is questionable. Both BTG and BTS show oriented nucleation with the c-axis tilted by 55 and 58 ± 10° respectively for the equivalent compositions. In addition to the temperature dependence of oriented nucleation observed here and in the BTS 41 system, a composition dependence of the detected textures is indicated for the BTG system. Both phases show dendritic growth and a kinetic selection towards a texture where the c-axis is oriented perpendicular to the surface. A time delayed bulk nucleation is observed in both cases blocking the oriented layer. The thickness of the oriented crystal layers observed in BTG and the size of the homogeneously oriented crystal domains in the bulk indicate that bulk nucleation in BTG is less frequent for glass 1 and exhibits a longer induction time than in the equivalent glass in the BTS system. In contrast to the accelerating growth front interaction observed in STS 32 colliding growth fronts simply block each other in the analyzed samples. The nucleation order of the phases in the BTG system is probably very sensitive to impurities and/or glass production methods and the secondary phases do not play a significant role during growth into the bulk.
Methods
Glass 1 with the composition 2 BaO · TiO 2 · 2.75 GeO 2 was melted from a mixture of the reagent grade raw materials BaCO 3 , TiO 2 and GeO 2 in a Pt-crucible at 1550 °C in an inductive furnace for 2 h and stirred for another 2 h at this temperature to homogenize the melt. The glass was then poured on a brass block, quenched for about 7 s with a brass stamp and subsequently transferred to a furnace preheated to a temperature of 760 °C (which is close to T g ). The glass 2 was prepared in the same inductive furnace using the same raw materials. It was melted at 1300 °C for 1 h and stirred for another 20 min. After quenching it was transferred to a furnace preheated to 660 °C. The respective furnaces were switched off allowing the glasses to cool with a rate of approximately 3 °C/ min. Crystalline powders of BaTiGe 3 O 9 and BaGe 4 O 9 were prepared via solid state reactions using BaCO 3 (VK Labor-und Feinchemikalien, pure), TiO 2 (Ventron, 99.8%) and GeO 2 (ABCR GmbH & Co. KG, 99.98%) as raw materials. The stoichiometric mixture of BaTiGe 3 O 9 was heat treated at 1230 °C while the stoichiometric mixture of BaGe 4 O 9 was heat treated at 1050 °C where they were held for 20 h with three intermediate regrinding steps.
Cross sections and powders were embedded in Araldite CY212 for further treatment. Samples were manually polished with shrinking grain sizes down to 0.75 μ m diamond suspension. A final finish of 30 min using colloidal silica was applied. Conductivity of the surface was achieved by mounting the sample using Ag-paste and applying a thin coating of carbon at about 10 −3 Pa. The glass 1 was analyzed by DTA according to Hartmann & Braun. The grain size of the powder was smaller than 70 μ m and a heating rate of 10 °C/min was used. Glass 2 was analyzed by DSC using a Linseis DSC Pt 1600 using Pt/Rh10 crucibles and a heating rate of 10 K/min. X-ray diffraction (XRD) was performed using CuKα -radiation in a SIEMENS D5000 diffractometer. SEM analyses were performed using a Jeol JSM 7001F scanning electron microscope equipped with an EDAX Trident analyzing system containing a Digiview 3 EBSD-camera. EBSD-scans were performed using a voltage of 20 kV and a current of ca. 2.40 nA. The scans were captured and evaluated using the software TSL OIM Data Collection 5.31 and TSL OIM Analysis 6.2. All scans were cleaned using the "grain CI standardization" function. Afterwards, unreliable data points were removed by applying a CI filter of 0.1. No further cleanups which actually modify orientations were applied. Pole figures of textures are presented in multiples of a random distribution (MRD).
